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Airway surface liquid is comprised of mucus and an under-
lying, watery periciliary liquid (PCL). In contrast to the
well-described axial transport of mucus along airway sur-
faces via ciliary action, theoretical analyses predict that the
PCL is nearly stationary. Conventional and confocal mi-
croscopy of fluorescent microspheres and photoactivated
fluorescent dyes were used with well-differentiated human
tracheobronchial epithelial cell cultures exhibiting sponta-
neous, radial mucociliary transport to study the movements
of mucus and PCL. These studies showed that the entire




























m/sec, a value close to that predicted from theo-
retical analyses of the ciliary beat cycle. Hence, the rapid
movement of PCL is dependent upon the transport of mu-
cus. Mucus-dependent PCL transport was spatially uniform
and exceeded the rate expected for pure frictional coupling
with the overlying mucus layer; hence, ciliary mixing most
likely accelerates the diffusion of momentum from mucus
into the PCL. The cephalad movement of PCL along airway
epithelial surfaces makes this mucus-driven transport an
important component of salt and water physiology in the
 







































 that covers the epithelia lining
mammalian airways constitutes a first line of defense against in-
haled pathogens. It appears to be comprised of two relatively
distinct layers (1): a watery layer that surrounds the cilia on the
apical surface of the ciliated cell, i.e., the periciliary liquid layer
(PCL); and a layer rich in mucins, the mucus layer, that resides
atop the PCL. Despite advances in our understanding of the
physical topography of ASL (2–5), the physiologic processes
that regulate the properties of ASL are not understood.
Extensive studies have suggested that airway epithelia reg-
ulate the composition and/or volume of ASL (6, 7). There is
controversy, however, over the relative importance of compo-
sitional versus volume regulation. One view (8, 9), the hypo-
tonic-defensin hypothesis, holds that airway epithelia normally
regulate the composition, i.e., tonicity, of ASL, whereas an-
other view, the isotonic volume absorbing hypothesis (10), sug-
gests that isotonic volume regulation of ASL is the primary
function of airway epithelia. These two views have very differ-
ent predictions of the macroscopic physiology on airway sur-
faces. The hypotonic-defensin hypothesis, for instance, pre-
dicts that PCL remains stationary, whereas the mucus layer is
transported, which is consistent with predictions based on cili-
ary stroke analyses (11–15). In contrast, the alternative hy-
pothesis argues that the ASL isotonic volume regulatory func-
tion of airway epithelia reflects the cephalad movement of
both PCL and mucus up the converging surface area of mam-
malian airways.
It has heretofore not been possible to separate and mea-
sure the transport of discrete PCL and mucus layers in mam-
malian airway epithelia, in part due to the very shallow depths
of these layers. Recent advances in culture technique have re-
sulted in the routine production of well-differentiated human
tracheobronchial epithelial (hTBE) cultures that produce mu-
cus and transport it radially over their luminal surfaces. We
have used these cultures to label the periciliary and mucus lay-
ers of ASL by using fluorescent markers and to measure the
real time transport of each layer by using vertical profile sec-






Well-differentiated human tracheobronchial epithelial
cultures were produced using Costar 12-mm Transwell-Col supports
according to the general procedure of Gray et al. (16). Cells were re-
moved by protease dissociation (17) from portions of main stem or
lobar bronchi representing excess donor tissue obtained at the time of
lung transplantation under the auspices of the UNC Institutional
Committee on the Protection of The Rights of Human Subjects. Dis-
sociated primary airway epithelial cells were grown on 100-mm tissue
culture dishes in modified BEGM media (18), which consisted of





































M), bovine pituitary ex-


























g/ml), penicillin (50 units/ml), strep-










 M). Passage one cells













and modified BEGM media was used in which the base mixture was
50:50 LHC Basal and DMEMH, instead of 100% LHC Basal Media;
the EGF concentration was reduced to 0.5 ng/ml, and gentamicin and
amphotericin B were omitted. Upon confluence, the apical surface
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Abbreviations used in this paper:
 
 ASL, airway surface liquid;








was rinsed with PBS and medium was only replaced in the basolateral
chamber. Cultures were used when they were fully differentiated and
producing mucus, 2–4 wk following confluence. Preparations were
screened for rotational mucus transport by using fluorescence micros-








l of PBS; see below) on culture surfaces. Approximately 25% of cul-




The cells were stained vitally by a 15-min expo-




M calcein/AM (Molecular Probes, Eugene, OR). The sur-
face liquid of living cultures was labeled with fluorescent latex micro-
spheres (0.02 vol%) and/or with dextrans (10,000 D) conjugated to




l of PBS. Preliminary experiments revealed that addition of dithio-













M) caused redistribution of beads into the
PCL compartment and greatly reduced mucus transport rates (20,
21). We therefore developed a method to remove mucus from the
culture surface by using 10 mM DTT for 5 min followed by washing
with 10 volumes of PBS. The effectiveness of this maneuver was veri-
fied by analysis of the mucus content of the serial washes by an
ELISA technique (16). In experiments not shown, this DTT treat-
ment had no significant effects on ciliary beat frequency (determined
as described previously [22]).
 
Measurement of ASL transport.
 
Cultures were observed by con-
ventional, video epifluorescence microscopy (DMIRB microscope;
C5985, cooled CCD camera; Leica; Hamamatsu), or by scanning con-
focal microscopy (TCS 4D; Leica). The rate of rotational mucus
transport was measured from 5-s images taken with the conventional









velocity was taken as the path lengths of individual beads measured





To measure bulk movement of ASL in these areas of rotational trans-
port, caged-fluorescein dextrans were photoactivated with a 5-s expo-





 objective. The rate of movement of the resulting circular areas of
released fluorescein dextran fluorescence was measured in sequential
images captured at intervals of 15–40 s (Fig. 3). By conventional fluo-
rescence microscopy, the areas of released fluorescence were ob-




 objective, and in each pair of images obtained, the
fluorescent area was traced, its centroid calculated, and its travel esti-
mated as the linear distance between the two centroids. In contrast,
by confocal microscopy, the released fluorescence was observed at





used for photoactivation, as described in Results.
Dextran diffusion coefficients were determined by following the
fluorescence decay after photoactivation using conventional fluores-
cence microscopy (23). Dextran diffusivity in PBS was determined us-
ing a solution placed between coverslips, whereas in mucus, it was de-
termined in the surface liquid of a culture that possessed mucus but
did not exhibit coordinated mucociliary clearance. The mucus layer in




m, was approximately fourfold thicker than the
underlying PCL.
Figure 1. Identification of the mu-
cus and periciliary fluid layers in 
the luminal surface liquid of cul-
tures of hTBE cells. (a, left) Light 
micrograph of a hTBE culture 
demonstrating well-differentiated 
ciliated and goblet cells. (right) 
Confocal micrograph (403/1.0 NA 
objective) of a living hTBE cul-
ture. The cells were stained with 
calcein/AM (green) and the lumi-
nal compartment with Texas Red–
conjugated dextran (10,000 dal-
tons). Scale 5 10 mm. (b) Images 
of the surface liquid layer labeled 
with fluorescent microspheres 
(0.02 vol%) acquired before 
(2DTT) and after (1DTT) treat-
ing the cultures with dithiothreitol 
(10 mM, 5 min) and washing with 
PBS. Images acquired (top) at low 
magnification by conventional flu-
orescent microscopy (53 objec-
tive; scale 5 0.2 mm), or (bottom) 
at high magnification by xz scan-
ning confocal microscopy (403/1.0 
NA objective). The culture in the 
bottom panels was colabeled with 
Texas Red–conjugated dextran. 
Scale 5 10 mm.
 




Image quantification was achieved using a MetaMorph image
analysis workstation (Universal Imaging, West Chester, PA). All data

















used to test whether PCL is transported during mucociliary
clearance. A unique capacity to study the ASL topography is
afforded by the vertical (xz) sectioning capacity of the confocal
microscope, which produces cross-sectional, profile images of
ASL. In the xz images from the confocal microscope, the sur-
face liquid of the cultures stained homogeneously with Texas
Red-conjugated dextran (10,000 D), and the dye front coin-









). The depth of the surface liquid following the




















m associated with the presence of
mucus overlying the PCL layer. This range of ASL depths is
similar to those reported for airways surface liquid in vivo (24).
The topology and movement of the mucus layer in the cul-
tures were visualized with fluorescent microspheres. By con-





diameter revealed organized sheets of mucus in the ASL com-








). In the vertical profile
images (xz) from the confocal microscope, the microsphere-

















) by their dispersal with DTT, which breaks apart the lin-
ear mucin polymers comprising the scaffolding of the mucus
gel (25). After this treatment, the microspheres were observed
















). This rotational mucus transport persisted for periods
of 1 or more weeks, and it indicated that the ciliated cells had
spontaneously oriented and coordinated their ciliary activities,
in vitro, during this period. Removing the mucus from these
cultures with DTT and a thorough washing abolished the orga-
nized movement of microspheres. As noted in Methods, this
treatment had no affect on the measured frequency of ciliary
beating; 24 h later, the cultures again exhibited microsphere
rotation due to the presence of newly secreted mucus (data not
shown). The dependence of particle transport on the presence
of mucus in hTBE cultures is consistent with measurements of
mucociliary clearance both in vitro and in vivo (26–29).
Invariably, rotating microspheres were observed to move
in formation, suggesting that the mucus in which they were en-
trapped moved as a network. This notion was confirmed by the
observation that the microspheres were transported at a con-




). The mean maximal micro-

















 5), which is similar to the
rates of mucociliary clearance measured non-invasively in hu-





Cultures exhibiting rotational mucus transport were used
to study the behavior of PCL during mucociliary transport.
Caged fluorescein-dextran contained in the surface liquid layer





m in diameter), at points midway along the radius of










), the areas of released dextran fluorescence were observed
















 13). The direction of
this movement always matched the direction of mucus rotation
and the velocity compared well with the velocity of micro-









cantly, the spots of released fluorescence did not elongate or
smear as they moved, suggesting that the mucus and PCL lay-
ers within the labeled region of surface liquid moved as a unit.





















 12) following DTT
treatment and washing with PBS. Hence, the movement of flu-
orescent dextran in the PCL layer depended upon the pres-
Figure 2. Mucus transport by hTBE cultures. (a) The coordinated ac-
tion of cilia in hTBE cultures was identified by the directional move-
ment of 1-mm fluorescent microspheres in the surface liquid. The im-
age shown was acquired as a single 5-s exposure; the streaks represent 
the paths of individual microspheres (53 objective; field diameter 
z 2 mm). (b) Linear velocities of fluorescent microspheres calculated 






Figure 3. Transport of surface liquid by mucociliary transport revealed 
by photoactivation of caged fluorescein-conjugated dextrans. hTBE 
culture surface liquid was labeled with caged fluorescein-conjugated 
dextran (10,000 D), and the fate of released dextran fluorescence was 
determined following photoactivation. (a) Conventional microscopy at 
low power (53 objective; scales 5 0.2 mm). (left) Control (2DTT) 
shows migration of the released fluorescent dextran during the 20-s pe-
riod of observation. (right) After removing the mucus layer (1DTT), 
the migration of released fluorescent dextran was minimal. (b) xz scan-
ning confocal microscopy at high power (403/1.0 NA objective; scales 5 
10 mm) in cultures colabeled with Texas Red-conjugated dextran. (left) 
Control (2DTT), showing the migration, out of frame, of released flu-
orescence dextran (green) in both the PCL and mucus layers of the sur-
face liquid. (right) After removal of the mucus layer (1DTT) there was 
no detectable change in released dextran fluorescence in the PCL. (in-
set) Additional 15-s control preparation in which fluorescent micro-
spheres were included in the ASL. The beads appear as slanted streaks 
(arrow) as a result of their movement during image acquisition. The 
streaks “point” to the right, the direction of ASL movement. (c) Pro-
files of fluorescence intensities along the verticals indicated by arrows 
in (b). Values presented as the ratio of released dextran fluorescence to 
Texas Red fluorescence (confocal microscope photomultipliers ad-
justed to ratio z 1.0 at the beginning of the experiment).
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ence and movement of a mucus gel. Notably, the transport rate
of surface liquid observed following removal of the mucus gel
approximated closely that predicted for PCL by theoretical
treatments of ciliary beating alone (13, 14).
Confocal microscopy was used to visualize with vertical
profile sectioning (xz) the behavior of released fluorescent
dextrans within the surface liquid layer. A small vertical do-
main of the ASL compartment at the trailing edge of the re-
leased column of fluorescence (e.g., the “spot” in Fig. 3 a) was
visualized with the same 403 objective in xz sections, and the
distribution of a uniform (non-photoactivated) marker of ASL
(TR-dextran) was compared with the released (“uncaged”)
green fluorescence. In the presence of mucus (control), the
green fluorescence intensity in PCL layer decreased rapidly
with time after activation due to the transport of the released
fluorescein-dextran away from the scanned area (Fig. 3 b). Flu-
orescent microspheres were generally left out of the solutions
applied to the luminal surface in these experiments to avoid in-
terference in quantification of the TR-dextran. When micro-
spheres were included, however, their movement during the
scanning process yielded a diagonal streak in the resulting im-
age, which indicated that the mucus layer was being trans-
ported (Fig. 3 b, inset). In 12 measurements at different radial
positions in four cultures, 88.863.7% of the released fluores-
cein dextran was cleared from both the mucus and PCL layers
within 30 s, and there was no detectable difference in the clear-
ance rates for the two layers (Fig. 3 c). In contrast, after re-
moving mucus with DTT, the clearance of released dextran
fluorescence was slowed significantly to 21.1612.7% within 30
s (n 5 3). Thus, these observations confirm those made by con-
ventional fluorescence microscopy that the photoactivated
dextran fluorescence comigrates in the PCL and mucus layers.
Discussion
Theoretical assessments of ciliary propulsion of water and mu-
cus have commonly concluded that the PCL is largely station-
ary, with cilia-adherent water generally being swept forward
during the power stoke and backward during the recovery
stroke (11–15). Only in the outermost region of the periciliary
layer, in the area lying above the path swept out on the ciliary
return stroke, has a modest transport of water been predicted
to occur (13, 14; Fig. 4 a, curve A). Were the PCL in fact sta-
tionary, the only scenario explaining the observed cotransport
of released dextran fluorescence in the PCL and mucus layers
along the epithelial surface (Fig. 3) would be the rapid diffu-
sion of fluorescent dextran from the PCL into the mucus layer,
which is selectively transported, and from which dextran dif-
fuses back into adjacent unlabeled PCL. Because the mucus
layer is, as predicted, effectively an unstirred layer (dextran
diffusivities in water and in mucus were 1.6 3 1026 and 3.6 3
1028 cm2/sec, respectively), this possibility is highly unlikely.
Hence, we conclude that released fluorescent dextrans in the
PCL moved because they were cotransported in the PCL layer
efficiently along with mucus. Moreover, the dependency of
PCL transport on the transport of mucus (Fig. 3) indicates an
important coupling between the ciliary-driven movement of
mucus and the transport of the underlying periciliary liquid.
From classical fluid dynamics, a Newtonian fluid lying be-
tween a moving slab and an immobile plane exhibits a shear-
driven flow in which the velocity profile in the steady state is
linear (Fig. 4, curve B). From Fig. 4, it may be appreciated that
the mean velocity of PCL transport predicted for ciliary pro-
pulsion alone (Fig. 4, curve A) is z 20% that of mucus, and for
pure shear-related propulsion it is 50%. The PCL velocity ob-
served, however, was significantly higher than either of these
rates: by conventional microscopy, the leading edge of areas of
released dextran fluorescence had essentially the same velocity
Figure 4. Models of axial surface liquid and transepithelial transport 
in the lung. (a) Lateral fluid velocity profiles in airway surface liquid 
predicted for three different considerations, with the ordinate aligned 
to the diagram of the ciliary beat cycle at the left. Curve A approxi-
mates velocity profiles in the PCL predicted from theoretical consid-
erations of ciliary propulsion of mucus (13, 14). Note nominally zero 
velocities at 70–75% of the ciliary length, below the level of the re-
turn stroke. Curve B depicts the velocity profile predicted for PCL 
flow driven solely by frictional interactions with the mucus layer. 
Curve C depicts the velocity profile predicted for the PCL from the 
observations in this work that the flow of the PCL and mucus layers 
are essentially indistinguishable. (b) Two models by which airway 
surface liquid depth might be maintained considering the convergent 
surface area over which mucus is transported cephalad during muco-
ciliary clearance. The lung is represented as an inverted funnel with 
the ordinate and abscissa scaled to approximate the heights and cu-
mulative surface areas of the different regions comprising the human 
lung. Right and left sides depict models favoring axially transported 
(10) and stationary (8, 9) periciliary liquid layers, respectively. Solid 
arrows indicate transport of PCL, and dotted and dashed arrows indi-
cate the transepithelial transport of NaCl and/or water necessary to 
account for a constant ASL depth in the two models.
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as nearby mucus-entrapped microspheres (Fig. 3 a); and by
confocal microscopy, the clearance rates of dextran in the PCL
and mucus layers were indistinguishable (Fig. 3, b and c). Be-
cause the observed coupling between the movement of the
mucus layer and the underlying PCL is more efficient than can
be explained by simple frictional interations (Fig. 4 a, curve C),
we suggest that mixing of the PCL by cilia promotes the trans-
fer of momentum from the mucus layer to the PCL, analogous
to the enhanced transfer of heat, matter, and momentum in
well-mixed systems.
Several aspects of our techniques and analyses deserve
comment. First, our system models ASL-epithelial physiology
in the absence of lumenal air flow and submucosal blood flow.
In the time domain of our experiments (30 s), it is unlikely that
absence of air/blood flow perturbs our conclusions regarding
PCL transport. However, blood flow likely is particularly im-
portant in vivo for removing liquid absorbed across the epithe-
lium to adjust ASL volume (see below) from the submucosal
space to maintain hydrostatic and oncotic forces in the com-
partment constant. Second, our analysis of mucus PCL cou-
pling predicts “no-slip” conditions at the boundary between
the cell apical membranes and PCL. The apical membranes
likely support an unstirred (“no-slip”) layer, in part organized
by the glycocalyx (0.1 mm) in height, but this layer cannot be
resolved using light microscopy (limit of resolution 5 0.2 mm).
Finally, we cannot exclude the possibility of mucus threads ex-
tending into the PCL and providing, at least partially, the ob-
served coupling of transport rates between the two layers. We
have attempted, without success, to visualize such threads us-
ing a variety of fixation and glycoconjugate staining techniques
for both light and transmission electron microscopy (5). A de-
finitive answer to this question, however, must await the devel-
opment of suitable probes, e.g., high-affinity, mucin-specific
antibodies.
The observation that PCL is transported along the surface
of well-differentiated cultures of airway epithelial cells leads us
to predict that the axial coordination of ciliary beating in the
mammalian lung in vivo propels not only mucus but also the
underlying PCL from the lung toward the mouth. There are
important implications for the macroscopic and epithelial
physiology of the conducting airways and related pathological
processes which result from PCL transport along airway sur-
faces.
Viewed from the macroscopic level of coordination of ASL
metabolism within all regions of the airways, given an aggre-
gate ciliated surface area of 2,400 cm2 in the airways (30), an
average ciliary length of 5 mm (31), and a mucociliary trans-
port rate of 0.5 cm/min (32), the approximate volume of PCL
potentially transported cephalad in the human lung is 864 ml
per d. As postulated originally by Kilburn (10), were epithelial
absorptive activities not to occur, the PCL layer would in-
crease in thickness during axial distal to proximal airways
transport over a diminishing surface area, thereby compromis-
ing air flow. Consequently, transport of PCL is consistent with
previous reports of net absorption of salt and liquid from air-
way surfaces as depicted in Figure 4 b (6, 33, 34). The majority
of the liquid moving proximally is absorbed and removed from
the lung via the bronchial circulation, with , 10–100 ml of to-
tal ASL appearing at the mouth, as indicated by data from pa-
tients with tracheostomies (35).
Viewed from the perspective of lung defense, axial PCL
transport provides an effective mechanism for clearance from
the lung of inhaled hydrophilic toxicants. If PCL were station-
ary, inhaled insoluble particulates trapped in mucus would be
cleared from the lungs, whereas inhaled hydrophilic toxicants
might remain in the lung for extended periods of time. Axial
PCL transport provides the mechanism to clear the lung effi-
ciently of this class of toxic substances.
Finally, with respect to the relationship of PCL physiology
to epithelial function in disease, as described above, a recently
proposed hypothesis (9) holds that (a) ASL normally is hypo-
tonic due to the absorption of salt but not liquid by the airways
epithelium, and (b) CF epithelium, due to a defect in cellular
Cl2 conductance, cannot extract NaCl from ASL, thereby ren-
dering salt-sensitive antimicrobial peptides inactive and pro-
moting infection. Implicit aspects of this hypothesis (8) are
that the epithelium is normally impermeable to water (so that
surface liquid can be maintained hypotonic) and that PCL is
stationary (because volume absorption cannot be a feature of
a water-impermeable epithelium). Our observation that PCL
is transported axially in the lungs, coupled with reported sig-
nificant airway epithelial water permeabilities (34, 36), argues
against this hypothesis. Indeed, we speculate that CF patho-
genesis reflects, in part, airways plugging and recurrent infec-
tion due to excessive volume absorption and consequent ab-
normally low axial movement of PCL (and mucus), especially
in small airways. This conclusion suggests that novel therapies
for CF lung disease should not focus on perturbing ASL tonic-
ity, but rather on restoring ASL volume.
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